Crop diversification is a promising climate change adaptation strategy for food production stability.
of these crops. We achieved a good model fit in determining suitability classes for all crops (AUC=0.81-20 0.87). Precipitation-based factors are suggested as most important in determining crop suitability, though 21 the importance is crop-specific. Under projected climatic conditions, optimal suitability areas will 22 decrease for all crops except for groundnuts under RCP8.5 (no change: 0%), with greatest losses for maize 23 (12% under RCP2.6 and 14% under RCP8.5) . Under current climatic conditions, 18% of Ghana has 24 optimal suitability for two crops, 2% for three crops with no area having optimal suitability for all the four 25 crops. Under projected climatic conditions, areas with optimal suitability for producing two and three 26 crops will decrease by 12% as areas having moderate and marginal conditions for multiple crops increase.
27
We also found that although diversification opportunities are spatially distinct, cassava and groundnut will 28 be more simultaneously suitable for the south while groundnut and sorghum will be more suitable for the 29 northern parts of Ghana under projected climatic conditions. 1. Introduction
33
The agricultural sector of tropical countries is at great risk from the impacts of climate change. This is 34 because of changes in weather patterns, which determine yields and crop production in these areas [1, 2] .
70 different times and locations as response to climatic or systematic policy stimulus [36] . In this regard, 71 diversification potential assessments are imperative for targeted adaptation planning and investment under 72 Nationally Determined Contributions (NDCs) for countries such as Ghana. Furthermore, systematic 73 agricultural diversification interacts with many sustainable development goals (SDGs) such as reduction 74 of poverty (SDG1), averting hunger (SDG2), enhancing good health and well-being (SDG3), responsible 75 consumption and production (SDG12), reducing impacts of climate change (SDG13) and sustenance of 76 life on land (SDG15) [37, 38] .
78
In this study, we applied crop climatic suitability models to assess the impact of climate change on the 79 potential for crop diversification as combined suitability for cassava, groundnuts, sorghum and maize in 80
Ghana. Maize, sorghum, cassava and groundnuts are important staple crops planted on nearly three 81 million hectares annually, which is ~83% of all the cropped area in Ghana [39] . Furthermore, diets in 82
Ghana include combinations of maize or sorghum, cassava and groundnut in various proportions [40, 41] , 83 making it important that these crops are available also under climate change. There is a paucity of data on 84 spatially explicit climate change impact assessments and limited analysis of impacts on multiple crops to 85 guide crop diversification as an option for resilience. Therefore, the aim of this study was to assess the 86 impacts of projected climate change on four important food crops in Ghana by mid-century and their 87 ability to be produced together. Specifically, we intended to (i) identify the determinants of crop suitability 88 in Ghana, (ii) the maps were combined to determine the number of crops that were suitable for each cell. To determine 188 suitability for multiple crops, we summed the ranks of the modelled crop suitability with each class ranked 189 from 1 (limited) to 4 (optimal). This produced diversification potential for the four scale from 4 (very low)
190
to 16 (very high). After that, realizing that two-crop combinations were most frequently observed, further To reliably assess crop suitability, we first evaluated the fit of the model on an independent test data set.
200
There were differences in the model fit between crops, but all crops showed a good fit. The best accuracy 201 was for modelling sorghum (OA=0.82, k=0.75 and AUC=0.87) (see Table 3 ). Modelling evaluation 202 metrics for each of the four suitability classes such as sensitivity, specificity, positive and negative 203 prediction values, precision, recall, F1-score, prevalence, detection rate, detection prevalence and balanced 204 accuracy are shown in Supplementary materials, Table 1 . These accuracy metrics indicated that the model 205 was able to match observed classes for all the crops and thus could be used with confidence in assessing 206 suitability of the four crops in Ghana under current and future climate.
207
[Insert Table 3 near Under current climatic conditions, the suitability of maize is very variable across the country with no 229 specific regional distribution. Optimal suitable areas for maize cover 23% of the country (Figure 3a ,
230 Figure 4a ). Under projected climatic conditions the areas that have optimal suitability for maize 231 production will decrease by 12% and by 14% under RCP2.6 and RCP8.5 respectively as suitability 232 transition from being optimal to moderately suitable and marginal. These are the largest changes from the 233 optimal suitable areas of the crops modelled in this study. Areas that have limited suitability are projected 234 to increase by 8% under RCP2.6 and by 7% under RCP8.5 scenario, with marginal areas decreasing by 235 11% (RCP82.6) and by 8% (RCP8.5) ( Figure 3b -c, Figure 4a and Table 5 ).
236
Sorghum was modelled as having largest area for which it is optimally suitable (28%), which is the 237 highest of the four crops for this category (Figure 3d, Figure 4b ). Under climate change, the optimal 238 suitability areas for sorghum are projected to decrease by 10% and 13% decrease under RCP2.6 and 239 RCP8.5 respectively (Figure 3e -f, Figure 4b ). Some parts of northern Ghana that have limited suitability 240 for sorghum will become suitable under both RCP2.6 and RCP8.5 with an evident northwards shift in 241 sorghum suitability under climate change. The areas that are unsuitable for sorghum are projected to 242 increase by 12% (RCP2.6) and 13% (RCP8.5) by the 2050s (Figure 3e -f, Table 5 ).
243
Cassava was modelled as mostly suitable in the southern forested bimodal rainfall areas of Ghana (Figure   244 3g). Under RCP2.6, the results show that by the 2050s, optimal suitable areas for cassava will decrease by 245 7% while under RCP28.5, they will decrease by 9% (Figure 4c) . Concurrently, the areas that have limited 246 suitability for cassava will also slightly decrease by 4% under RCP2.6 and by 3% under RCP8.5 from the 247 current 35%. The results showed that 48% of Ghana can produce groundnuts (optimal and moderate that the areas that have optimal suitability for groundnuts will decrease by 3% under RCP8.5 but will 251 remain stable at 17% under RCP8.5, a trajectory different from other crops modelled in this study (Table   252 5, Figure 4d ). The suitability of each pixel for multiple crops was evaluated by determining the number of crops in each 261 suitability class suitable for that pixel. Under all climatic conditions, none of the areas has optimal 262 suitability for all the four crops in Ghana (Figure 5a ). Under current climatic conditions, 2% of the country 263 has moderate suitability for at least three of the four crops. This area is projected to remain unchanged 264 under both RCP2.6 and RCP8.5 ( RCP8.5, with a concurrent reduction in areas that are moderately suitable for just one crop as these 275 become less (Figure 4b -c, Table 6 ).
277
[Insert Figure 5 near here]
278
[Insert Table 6 near here]
280
We assessed the crop diversification potential under current and projected climatic conditions for pairwise 281 combinations of crops across the country, as results indicated this to be the most promising diversification 282 option ( Figure 6 ). Areas with a highest potential for both crops in combination are 5.5% for maize and 283 groundnuts, 5.4% for cassava and sorghum and 5.2% for maize and cassava ( Figure 6, Figure 7 , SI Table   284 4); all other combinations are below 5%. Except for cassava and groundnut combined, all combinations of 285 crops are projected to decrease for the areas where both crops currently have the high suitability class.
286
Concurrently, the areas where a combination of crops will be moderate and marginal or marginal for both 287 crops will increase for both RCP2.6 and RCP8.5 (Figure 7) . Although crop diversity opportunities vary 288 across the country, aggregated results show the most promising crop combinations under climate change 289 will be sorghum and groundnuts for the northern parts and cassava and groundnuts for the southern parts 290 of Ghana. The least potential combination will be for cassava and sorghum, and groundnut and sorghum.
291
[Insert Figure 6 near here]
292
[Insert Figure 7 near here] 293 294
Discussion

295
The impacts of climate change on food security are multi-faceted. Therefore, in this study we quantified 
336
The greatest climate change risk was identified for maize which is the crop with the most planted area and 337 the highest net consumption in the country [86] . Apart from the reliance of maize production on rainfall in 338 Ghana, the fact that maize is more sensitive to weather variables than other crops also explain this loss. 
371
There are a number of adaptation measures that can be applied to increase diverse crop production 372 systems at field, farm, landscape, regional or national scales to avert the modelled reduced potential. At 373 field or farm scale, economic stimulus for farmers to grow diverse crops are required to enable farmers to 374 transition to these more resilient systems. Lin (96) suggest that economic models that can predict 375 threshold prices at which farmers begin to adopt diverse systems or payments for ecosystem services 376 obtained from diversified systems can be effective in persuading many farmers to adopt crop 377 diversification. Altieri and Nicholls (95) There are some limitations and potential sources of uncertainty that should be considered in the 390 interpretation of our results. The suitability models are driven by climate data and current crop production 391 data, which have inherent uncertainties. Future projections of crop production suitability are produced by 392 combining suitability models with projections based on GCMs that describe potential future conditions.
393
These different GCMs rely on different parameters and incorporate different functions to cover the 394 dynamics of atmospheric circulation, ocean effects, or feedbacks between the land surface and the 395 atmosphere. Therefore, they are prone to disagreements or errors that will be propagated in the modelling.
396
Our modelling omitted direct physiological interaction effects in multiple crops such as nitrogen fixation, The 11 year mean crop yield distribution for each of the four suitability classes across all districts. The 695
right axis in (a, b) is for cassava yields only. lines are Gaussian distribution fit for each climatic scenario. Ld-Ld is for limited suitability for both crops, 718
Ld-Mg is area with limited for one of the 2 crops and marginal for the other, Mg-Mg is area where both 719 crops are marginal, Mg-Md is area that is marginal for one crop while moderately suitable for the other 720 crop, Md-Md is where both crops are moderately suitable, Md-Op is where one crop is moderately 721 suitable and the other has optimal suitability and Op-Op is where both crops are optimally suitable. 722
